iving cells are filled with complex molecular machinery, a million
times smaller than familiar machines like computers or auto-
mobiles. Cells use these tiny molecular machines to perform all of
the jobs needed for life. Some are molecular scissors that cut food into
cell-sized pieces. Some build new molecules when cells grow or when dam-
aged tissues are repaired. Some are molecular hones and muscles that
support cells and help them move and crawl. Some fight off attackers,
defending against infection.

Researchers around the world are studying these molecules and determin-
ing their precise atomic structures. These structures are available on the
internet through the Protein Data Bank (http://www.pdb.org), the central
storehouse of hiomolecular structures. A few of the thousands of struc-
tures held in the Protein Data Bank are shown here. In

Water @ these pictures, the molecules are all drawn at a maghifi-

Gluose @  cation of 3,000,000 times, and each atom is shown as a
Tri“ﬂ“ﬂj‘“* small sphere. Many of these structures are composed of

phosphate  CRep . . . .
(ATP) several subunits, which are indicated by different colors.

An enormous range of sizes is shown here: the water mol-
ecule at the left has only three atoms and the rhinovirus shown below has
hundreds of thousands.

By David S. Goodsell, The Scripps Research Institute, La Jolla, California, USA
Graphic design by Gail W. Bamber, San Diego Supercomputer Center

2hiu  Insulin

1rfb  Interferon

Srsa Ribonuclease

5pep Pepsin

1poe Phospholipase
1smd Amylase

ligt Antibody

4rhv  Rhinovirus

OUTSIDE THE CELL

Some molecular machines perform their jobs outside of cells. Many are compact,

so that they can diffuse quickly to their site of action. This is true of the four hor-
mones shown at the top: insulin and glucagon, which together regulate blood sugar lev-
els, interferon, which carries signals in the immune system, and human growth hor-
mone. The seven digestive enzymes (in yellow) are also small and very stable, so that
they can survive the hostile environment in the digestive tract. Each of these enzymes
has a small groove (oriented towards the top in each) that binds to a different target
molecule and digests it. At the bottom is rhinovirus, the virus that causes the common
cold, and an antibody, our major defense against viruses. Antibodies bind to viruses and
prevent them from binding to cell surfaces, thus blocking infection.
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MEMBRANES

Cells are surrounded by a membrane made of lipids, like the phospholipid and cholesterol molecules shown at the top. Membranes keep the cellular
machinery inside and unwanted material out. Many proteins are embedded in this membrane, performing a variety of essential tasks. ATP synthase is a
rotary generator that produces ATP (adenosine triphosphate), the small molecule used for powering cells. The two large complexes below it charge a battery that
powers ATP synthase, and the tiny protein cytochrome c shuttles electrons between them. Rhodopsin is found in membranes in the retina. The small retinol
molecule inside of it changes shape when illuminated, causing the surrounding protein to send a signal to the brain. Cyclooxygenase builds one of the
molecules used to signal pain—this cyclooxygenase molecule here, however, is blocked by two molecules of aspirin, shown inside in white. At the bot-
tom are three molecules involved in photosynthesis, which capture energy from light and use it to power the synthesis of sugar in plant cells.
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1fqy  Aquaporin

Ambd Myoglobin

1bI8 Potassium Channel

1bgy Cytochrome bl

Complex Amsl Mechanosensitive Channel

1grm Gramicidin

2por  Porin

1e7i  Serum Albumin

1hrs Ferritin

TRANSPORT AND STORAGE

Of course, a perfectly sealed membrane would be of little use to cells, because nutrients could not get in and wastes could not get out.

The box shows a membrane looking face-on. Five proteins that form channels through the membrane are shown. To the right of the
box are several soluble proteins involved in transport and storage of molecules. Hemoglobin and myoglobin carry oxygen. Ferritin forms a hol-
low shell that stores iron ions. Serum albumin carries many different molecules in the blood.
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1pfk  Phosphofructokinase 1ald Aldolase

3pgk  Phosphoglycerate Kinase
Ipth- Cycooxygenase 1a49 Pyruvate Kinase

5enl Enolase
3gpd Glyceraldehyde-3-phosphate Dehydrogenase

1prc  Photosynthetic Reaction Center
1dhf Dihydrofolate Reductase

1kzu Light-Harvesting Complex 20hx  Alcohol Dehydrogenase

wsy Tryptophan Synthase 2tsc  Thymidylate Synthase
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CHEMICAL FACTORIES

Cells build a bewildering variety of enzymes—proteins that perform chemical reactions. At the top are the ten enzymes that perform

glycolysis, the breakdown of sugar to form ATP. Below that are several enzymes that perform different housekeeping reactions.
Dihydrofolate reductase activates a key cofactor molecule and alcohol dehydrogenase breaks down alcohol. Ribulose bisphosphate carboxy-
lase/oxygenase is the most common enzyme on the Earth, and performs a key step in the capture of carbon dioxide by plants to form sugar.
The three synthases and the transferase make different building blocks for creating new molecules. Nitrogenase performs an essential role in
the ecosystem by converting nitrogen gas into a form that living cells can use.

http://www.pdb.org/ * info@rcsh.org
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tal structures of the unligated and ATP- and CTP-complexed enzymes at 2.6-A resolution. Biochemistry 29, p. 7691. « PDB ID: 4hhh G. Fermi, M.F. Perutz, B. Shaonan, R. Fourme (1984): The crystal structure of human deoxyhoemoglobin at 1.74 A resolution. J. Mol. Biol. 175, p. 159. « PDB ID: 4rhv E. Amold, M.G. Rossmann (1988): The use of molecular-teplacement phases for the refinement of the human thinovirus 14 structure. Acta Ciystallogr. A 44, p. 270. « PDB ID: 4tna B. Hingerty, R.S. Brown, A. Jack (1978): Further refinement of the structure of yeast tRNAPhe. J. Mol. Biol. 124, p. 523.  PDB ID: Senl L. Lebioda, B. Stec, J.M. Brewer, E. Tykarska (1991): Inhibition of enolose: the crystal structures of enolase-Ca2(+)- 2-pt
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Structures depicted here can be found in the Profein Data Bank o http://www.pdb.org/. * H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H. Weissig, LN.
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Structural bosis of transcription: an RNA polymerase Il elongation complex at 3.3 A resolution. Science 292, p. 1876. » PDB ID: Liat JA. Read, ). Pearce, X. i, H. Muirhead, ). Chirgwin, C. Davies (2001): The arystal structure of human phosphoglucose isomerase at 1.6 A resolution: implications for cotalytic mechanis, cytokine activity and haemolytic anoemia. J. Mol. Biol. 309, p. 447. « PDB ID: Ligt L) Harris, S.8. Larson, KW. Hasel, A. McPherson (1997): Refined structure of on intact Ig62a monoclonal anfibody. Biochemistry 36, p. 1581. « PDB ID: 4jb0 P. Jordan, P. Fromme, H.T. Witt, 0. Klukas, W. Saenger, N. Krauss (2001):
Three-dimensional structure of cyanobacterial pt I at 2.5 A resolution. Nature 411, p. 909. « PDB ID: jj2 D.J. Klein, TM. Schmeing, PB. Moore, TA. Steitz (2001): The kinkturn: o new RNA secondary structure motif. EMBO J. 20, p. 4214. « PDB ID: 2kzu S.M. Prince, M.Z. Papiz, AA. Freer, 6. McDermott, AM. Hawthornthwaite-Lowless, R.J. Cogdell, NW. Isaacs (1997): Apoprotein structure in the LH2 complex from Rhodopseudomonas acidophila strain 10050: modular assembly and protein pigment interactions. J. Mol. Biol. 268, p. 412. « PDB ID: 2Ibh M. Lewis, 6. Chang, N.C. Horfon, MA. Kercher, H.C. Pace, MA.
Schumacher, R.G. Brennan, P. Lu (1996): Crystal structure of the lactose aperon repressor and its complexes with DNA and inducer. Science 271, p. 1247. « PDB ID: 41z PJ. Artymiuk, C.C. Bloke (1981): Refinement of human lysozyme at 1.5 A resolution analysis of non-bonded and hydrogen-bond interactions. J. Mol. Biol. 152, p. 737. + PDB ID: mhd S.E. Phillips, B.P. Schoenborn (1981): Neutron diffraction reveals oxygenistidine hydrogen bond in oxymyoglobin. Nafure 292, p. 81. = PDB ID: 1msl 6. Chang, R H. Spencer, AT. Lee, M.T. Barclay, D.C. Rees (1998): Structure of the Mscl homolog from Mycobacterium tuberculosis:
a gated mechanosensitive ion channel. Science 282, p. 2220. « PDB ID: 1n2c H. Schindelin, C. Kisker, J.L. Schlessman, J.B. Howard, D.C. Rees (1997): Structure of ADP x AIF4(-)-stabilized nitrogenase complex and its implications for signal transduction. Nature 387, p. 370. * PDB ID: 1oco S. Yoshikawa, K. Shinzawa-toh, R. Nakashima, R. Yaono, E. Yamashita, N. Inoue, M. Yao, M.J. Fei, CP. Libeu, T. Mizushima, H. Yamaguchi, T. Tomizaki, T. Tsukihara (1998): Redox-coupled crystal structural changes in bovine heart cytochrome ¢ oxidase. Science 280, p. 1723. « PDB ID: 1pfk Y. Shirakihara, PR. Evans (1988): Crystal structure
of the complex of phosphofructokinase from Escherichia coli with its reaction product. J. Mol. Biol. 204, p. 973. « PDB ID: 1poe D.L. Scott, S.P. White, J.L. Browning, 1. Rosa, M.H. Gelb, PB. Sigler (1991): Structures of free and inhibited human secretory phospholipase A2 from inflammatory exudate. Science 254, p. 1007. = PDB ID: dpre J. Deisenhofer, 0. Epp, 1. Sinning, H. Michel (1995): Gystallographic refinement ot 2.3 A resolution and refined model of the ph hetic reaction centre from Rhodopseud viidis. J. Mol. Biol. 246, p. 429. « PDB ID: 1pth P.. Loll, D. Picot, RM. Garavito (1995): The sfructural basis
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DNA

Genetic information is stored in the DNA double helix, seen

running from top to bottom here. Many proteins are used to
copy, read, and store this information. RNA polymerase copies the
information into a strand of RNA that will be used to direct the
construction of new proteins. It is assisted by topoisomerase, which
releases tension when the helix is wound and unwound, and guid-
ed to appropriate starting points by the two protein complexes
below it. DNA polymerase replicates DNA strands—here, the poly-
merase is filling a gap in the double helix. Some proteins, like the
lac repressor, grab DNA and bend it sharply, or even wrap it all the
way around themselves, like the two nucleosomes at the bottom.
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BUILDING NEW PROTEINS

New proteins are built by ribosomes—complex molecular factories that

read the genetic code and use it to direct construction. Many molecular
machines are needed to assist the process. Twenty different aminoacyl-tRNA
synthases (six are shown here) load the building blocks onto tRNA, ready to be
added to a growing protein chain. Several protein factors, shown below the
ribosome, guide each tRNA into the proper spot. The three chaperone pro-
teins shown at the bottom help each new protein fold into its proper shape.
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ibkv Collagen
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BEAMS AND GIRDERS

Cells are braced and supported by a complex infrastructure. This cytoskeleton is formed of sturdy filaments like actin and microtubules,
composed of many subunits stacked like bricks. Myosin is a molecular motor that climbs along actin filaments, allowing the cell to
move. Collagen, broken into two pieces here, is actually found outside of cells, where it forms connective tissue between cells.
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